such as DNA methylation is crucial for developmental and disease processes, including cell differentiation and cancer development. Genes repressed by DNA methylation can be derepressed by various compounds that target DNA methyltransferases, histone deacetylases, and other regulatory factors. However, some additional, unknown mechanisms that promote DNA methylationmediated gene silencing may exist. Chemical agents that can counteract the effects of epigenetic repression that is not regulated by DNA methyltransferases or histone deacetylases therefore may be of research interest. Here, we report the results of a high-throughput screen using a 308,251-member chemical library to identify potent small molecules that derepress an EGFP reporter gene silenced by DNA methylation. Seven hit compounds were identified that did not directly target bulk DNA methylation or histone acetylation. Analyzing the effect of these compounds on endogenous gene expression, we discovered that three of these compounds (compounds LX-3, LX-4, and LX-5) selectively activate the p38 mitogen-activated protein kinase (MAPK) pathway and derepress a subset of endogenous genes repressed by DNA methylation. Selective agonists of the p38 pathway have been lacking, and our study now provides critical compounds for studying this pathway and p38 MAPK-targeted genes repressed by DNA methylation.
Regulation of gene expression by epigenetic modifications such as DNA methylation is crucial for developmental and disease processes, including cell differentiation and cancer development. Genes repressed by DNA methylation can be derepressed by various compounds that target DNA methyltransferases, histone
deacetylases, and other regulatory factors. However, some additional, unknown mechanisms that promote DNA methylationmediated gene silencing may exist. Chemical agents that can counteract the effects of epigenetic repression that is not regulated by DNA methyltransferases or histone deacetylases therefore may be of research interest. Here, we report the results of a high-throughput screen using a 308,251-member chemical library to identify potent small molecules that derepress an EGFP reporter gene silenced by DNA methylation. Seven hit compounds were identified that did not directly target bulk DNA methylation or histone acetylation. Analyzing the effect of these compounds on endogenous gene expression, we discovered that three of these compounds (compounds LX-3, LX-4, and LX-5) selectively activate the p38 mitogen-activated protein kinase (MAPK) pathway and derepress a subset of endogenous genes repressed by DNA methylation. Selective agonists of the p38 pathway have been lacking, and our study now provides critical compounds for studying this pathway and p38 MAPK-targeted genes repressed by DNA methylation.
DNA methylation-regulated gene expression plays important roles in development and disease processes, including cell differentiation and cancer development (1) (2) (3) . In general, methylated DNA in the promoter region restricts transcription and is considered a repressive epigenetic marker (4) . Transcriptional dysregulation caused by aberrant DNA methylation can lead to an increasing number of human diseases (3) . Cancer cells are often associated with hypomethylation at repeat-rich heterochromatin regions and hypermethylation at the promoter regions of tumor suppressor genes (5) (6) (7) (8) . In addition, DNA methylation changes in certain loci can directly cause certain neurological diseases, including fragile X syndrome, Friedreich's ataxia, and spinal muscular atrophy, which can be caused by DNA hypermethylation on the promoter regions of the FMR1 (9), FXN (10), and SMN genes (11) , respectively. Thus, small molecules that can activate genes silenced by DNA methylation are of clinical relevance.
Methylated DNA can be recognized by methyl-CpGbinding domain proteins, which in turn recruit histone deacetylases (HDACs) 3 to ensure gene silencing (12) (13) (14) (15) (16) (17) . Various inhibitors of DNA methyltransferases (DNMTs) and
HDACs have been identified, and many of them can derepress various sets of genes repressed by DNA methylation (18 -23) . Some of these compounds, including inhibitors of DNMTs, such as 5-aza-cytidine and 5-aza-2Ј-deoxycytidine (5-aza-dC), and inhibitors of HDACs, such as SAHA, romidepsin, panobinostat, mocetinostat, belinostat, and chidamide, have been approved as anticancer drugs.
However, histone deacetylation is not the sole mechanism for DNA methylation-mediated gene silencing (19, 24, 25, 27, 28) . Methylated CpG sites that reside in transcription factor (TF) binding sites can directly block the association of certain TFs and prevent TF-dependent activation (12, 29 -31) . In addition, unknown mechanisms facilitating DNA methylation-mediated gene silencing may exist. Therefore, identification of novel compounds that can derepress certain genes repressed by DNA methylation, without directly inhibiting DNMTs and HDACs, are of research interest.
Herein, we developed a cell-based screening system and screened against a chemical library containing ϳ300,000 small molecules. We identified several classes of small molecules that could derepress various sets of genes repressed by DNA methylation. One group of these small molecules targets the p38 MAPK pathway and can activate endogenous MAPK target genes repressed by DNA methylation without directly inhibiting DNMTs and HDACs.
Results

A cell-based imaging assay that monitors activation of a DNA methylation-silenced gene reporter
To identify novel small molecules targeting gene repression, we devised a cell-based high-throughput screening system. To generate the reporter cell line, we first constructed a plasmid containing an enhanced green fluorescence protein (EGFP) reporter that was driven by a CMV promoter. We then methylated it in vitro with SssI methyltransferase and co-transfected it into HEK293 cells, together with a construct containing a hygromycin B-resistant gene ( Fig. S1 ). After hygromycin B selection, a stable cell line, termed B2-17, was chosen for screening. B2-17 cells displayed a low background EGFP signal ( Fig. 1A ) and were highly methylated at the CMV promoter ( Fig. 1B) . Treatment with 5 M 5-aza-dC resulted in robust EGFP reactivation, and treatment with 100 nM trichostatin A (TSA), a potent HDAC inhibitor, also reactivated the reporter gene, albeit to a lesser extent than 5-aza-dC treatment (Fig. 1A) .
A high-throughput chemical screen
Using the B2-17 cell line, we performed an image-based compound screening using a chemical library containing 308,251 small molecules (Fig. 1C ). This library had no specific focus and was a collection purposed for unbiased compound screening, which had been used in a variety of studies (32) (33) (34) (35) .
The cells were treated with 10 M aliquots of each compound for 72 h before imaging, and the mean percentage of EGFP ϩ cells (R GFP ) was calculated for each compound. In summary, 1,597 compounds (0.5%) reactivated the EGFP reporter in at least 15% of cells, and 363 compounds (0.12%) reactivated the EGFP reporter in Ͼ50% of cells ( Fig. 2A ).
We chose these 363 compounds as the primary hits and then evaluated them with two additional reporter cell lines, C3-2 (with a methylated CMV-EGFP) and 5C46-11 (with a methylated CMV-RFP), which were established using similar protocols (Figs. S1 and S2). One hundred eighty-five compounds reactivated reporter genes in Ͼ50% of cells in all three cell lines, and these were selected as the secondary hits.
Next, we performed titration experiments for all of the secondary hits in the B2-17 cell line. The efficacy of each compound was evaluated by its maximal R GFP value ( Fig. 2B ) and relative half-maximal effect concentration (EC 50 ) (Fig. 2C ). In parallel, we also analyzed the toxicity of each secondary hit by measuring the number of viable cells in each treatment, based on quantitation of ATP, an indicator of metabolically active cells. For each compound, we calculated the relative half-maximal growth-inhibitory concentration (IC 50 ), based on the above-mentioned assay (Fig. 2C ).
After these measurements, we decided to focus on seven hit compounds that met the following three criteria: maximal R GFP Ͼ 60% (good response rate) ( Fig. S3C ). We termed these seven compounds LX-1 to LX-7 for simplicity ( Fig. 2D ). Notably, the molecular formulae of the seven hit compounds were distinct from each other and did not resemble known compounds that target epigenetic regulators.
No alteration of global DNA methylation or histone acetylation upon treatment with hit compounds
To understand whether these hit compounds directly target DNA methyltransferase or histone deacetylases, we examined the levels of DNA methylation and bulk histone acetylation. UHPLC-MRM MS/MS results showed that no significant changes in bulk 5mC level were observed in C3-2 cells treated with any of these compounds (72-h treatment), whereas 5-aza-dC treatment clearly reduced the bulk 5mC level (Fig.  3A) .
We also tested whether these hit compounds caused sitespecific DNA demethylation at the reporter gene. Bisulfite sequencing results of the CMV promoter of the integrated reporter gene revealed that the changes in DNA methylation level after treatment with TSA or the hit compounds were relatively modest, whereas the effect of 5-aza-dC treatment was apparent ( Fig. 3B ). These results suggested that none of the hit compounds directly targeted the DNA methylation machinery.
We then examined the bulk histone acetylation level of cells treated with these hit compounds. The positive controls, sodium butyrate and TSA, caused a robust global increase in histone H4 acetylation. However, none of the seven hit compounds was able to do so ( Fig. 3C ). These results suggested that none of the hit compounds were pan-histone deacetylase inhibitors.
Hit compounds activate endogenous genes
We next tested whether these hit compounds could activate endogenous genes. First, to focus on genes silenced by DNA methylation, we performed MeDIP-seq (methylated DNA immunoprecipitation followed by sequencing) experiments in B2-17 cells and selected a list of genes with a high level of DNA methylation at promoters or CpG islands, including TNF, EGR1, LY6K, and ISG20 (Fig. S4 ). Among these, TNF (36, 37) and LY6K (38) were reported to be silenced by DNA methylation in various cell types. These genes could be activated by 5-aza-dC treatment (Fig. 4A ). Treatment with compounds LX-1, LX-3, LX-4, and LX-5 effectively activated the expression of all of the above selected genes. Compounds LX-2 and LX-6 activated a portion of these genes with less efficiency, and compound LX-7 selectively activated the expression of TNF and ISG20 (Fig. 4A ). These results suggested that some of the above compounds probably have different targets.
To further study the roles of these hit compounds in regulating gene expression, we performed RNA-seq experiments using B2-17 cells treated with these seven compounds, 5-aza-dC, or RG108, another inhibitor of DNA methyltransferase (39) . Genes up-or down-regulated Ͼ2-fold upon compound treatment, compared with DMSO-treated control samples, were defined as up-or down-regulated genes for each compound treatment. Several compounds displayed a clear effect on gene activation because treatments with these compounds resulted in far more up-regulated genes than down-regulated genes. These compounds include LX-1 (981 up versus 406 down), LX-3 (1,223 up versus 364 down), LX-4 (1,064 up versus 422 down), LX-5 (1,492 up versus 460 down), and LX-6 (209 up versus 39 down) ( Fig. 4B) . A similar biased effect was much less apparent for compounds LX-2 and LX-7 ( Fig. 4B ), suggesting that these two compounds were unlikely to play direct roles in gene activation. High-content chemical screen for potential epigenetic modulators. A, confocal images of B2-17 cells after treatment with 5-aza-dC and TSA. 5-aza-dC and TSA can stimulate 89 and 11% of cells to express EGFP at the indicated concentration. DMSO (0.5%) vehicle (no treatment) was used as a negative control. EGFP (green) and Hoechst 33342 nucleus staining (blue) are shown. B, methylation level of CMV promoter of reporter gene in B2-17 cells. Black and white circles indicate methylated and unmethylated CpG sites, respectively. The percentage of methylated CpG sites is indicated below. C, scheme of the chemical screen. The map of the EGFP reporter is shown. B2-17 cells were treated with the compound library in 384-well plates. Cell nuclei were stained with Hoechst 33342. In each 384-well plate, 0.5% DMSO vehicle (no treatment) and the positive controls 5-aza-dC and TSA were added.
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We then performed unsupervised clustering analysis and noticed that hit compounds LX-3, LX-4, and LX-5 appeared to be closely related ( Fig. 4C ). Indeed, the majority of genes upregulated by compounds LX-3, LX-4, and LX-5 overlapped with each other (Fig. 4D ), although these three compounds have distinct molecular structures (Fig. 2D ). These results suggested that these three compounds may function in the same pathway, and we decided to focus our study on them.
Compounds LX-3, LX-4, and LX-5 are connected with the MAPK pathway
To understand what kind of biological processes and pathways were targeted by compounds LX-3, LX-4, and LX-5, we performed gene ontology (GO) enrichment analysis for the 795 genes that were commonly up-regulated by treatments with compounds LX-3, LX-4, and LX-5. The clustering map of GO terms and the corresponding gene sets showed two major categories. One of these was related to secreted proteins and mem-brane proteins, and the other was related to the viral infection response ( Fig. 5A ). Consistently, KEGG pathway enrichment analysis also revealed the enrichment of several signaling pathways and immune-related processes, including the MAPK pathway and the closely related TNF pathway ( Fig. 5B ).
In general, MAPKs are categorized into four subgroups: 1) extracellular signal-regulated kinases (ERKs), 2) c-Jun N-terminal or stress-activated protein kinases (JNK/SAPK), 3) ERK5/ big MAPK 1 (BMK1), and 4) the p38 group of protein kinases (40) . Among these, ERKs, JNK/SAPK, and p38 kinase constitute the main network ( Fig. S5 ). To further examine the relationship between the MAPK pathway and treatment with compounds LX-3, LX-4, and LX-5, we performed gene set enrichment analysis (GSEA) to compare the Ͼ795 genes that were commonly up-regulated by treatment with compounds LX-3, LX-4, and LX-5 with published gene sets that were regulated by TNF signaling (41) (MSigDB set M2496), the ERK1/2 cascade (genes annotated under GO:0070372, MSigDB set M12990), and JNK Figure 2. Three rounds of selection identified the seven best hits. A, statistics results of primary hits. This screen was against five libraries. A cut-off threshold was set at 15%. Primary hits were classified into three groups by the percentage of reactivated cells under each treatment. Red numbers indicate the percentage of each group in the whole library. B, validation of candidate hits by the maximal percentage of EGFP ϩ cells (maximal R GFP ) of each secondary hit. Distributions of the maximal R GFP values of 185 hits are shown. The maximal R GFP value is the mean percentage of EGFP ϩ cells (R GFP ) in the platform concentration. The cut-off threshold of maximal effect was 60% (dotted line). C, validation of candidate hits by half-maximal growth-inhibitory concentration (IC 50 ) and half-maximal effect concentration (EC 50 ) of each secondary hit. Distributions of IC 50 -EC 50 of 185 hits are shown. The cut-off thresholds for IC 50 and EC 50 were 3 and 5 M, respectively. Red dots indicate the eight best hits. D, structures of the seven best hits. knockdown (42) (MSigDB set M2745). The gene set responsive to TNF signaling was significantly enriched, and the gene set responsive to the ERK1/2 cascade was also enriched (Fig. 5C ). These data also suggest that compounds LX-3, LX-4, and LX-5 may affect the MAPK pathway.
MAPK pathway activation regulates gene expression through its downstream transcription factors, and many of these are also up-regulated upon MAPK pathway activation (43) (44) (45) . We focused on transcription factors that were up-regulated upon treatment, and we identified 21 such transcription factors whose binding sites were enriched around the transcription start sites (TSSs) (TSS Ϯ 2 kb) of the 795 genes commonly up-regulated by compounds LX-3, LX-4, and LX-5 ( Fig. 5D ). Notably, these factors included several oncogenic factors, including JUN, JUND, FOS, and FOSB. We next analyzed these 21 transcription factors with the STRING database, which contains known and predicted protein-protein interactions, including physical and functional associations (46) . STRING analysis of these 21 transcription factors identified a functionally linked network with high confidence (Ͼ0.7), which contained several proteins related to the MAPK pathway (FOS, FOSB, FOSL1, FOSL2, JUNB, JUN, JUND, BCL3, and EGR1) and centered on JUN, JUNB, and FOS (Fig. 5E ). This network probably serves as a core regulatory module for the gene activation role of compounds LX-3, LX-4, and LX-5. Taken together, the above analyses suggest that the activation effects of compounds LX-3, LX-4, and LX-5 are probably via the acti-vation of the MAPK pathway and its downstream transcription factors.
Compounds LX-3, LX-4, and LX-5 induce phosphorylation of p38 and activation of the p38 pathway
To further study the mechanism of gene activation mediated by treatment with compounds LX-3, LX-4, and LX-5, we examined whether activation of ERKs, JNK/SAPK, and p38 occurred upon treatment with these compounds. In human HEK293 cells, human acute myeloid leukemia cell line MOLM13, and mouse NIH 3T3 cells, treatments with compounds LX-3, LX-4, and LX-5 induced phosphorylation of p38, but these treatments did not cause apparent increases in phosphorylation of ERKs or JNKs ( Fig. 6A and Fig. S6 ). In control experiments, anisomycin treatment induced activation of both p38 and JNKs, and EGF treatment induced robust activation of ERKs ( Fig. 6A and Fig.  S6 ), as reported previously (47) (48) (49) (50) (51) . From these results, we conclude that compounds LX-3, LX-4, and LX-5 probably function by selectively activating the p38 pathway.
Next, we carried out experiments to determine whether the derepression of the methylated EGFP reporter gene ( Fig. 2 ) and the activation of p38 ( Fig. 6A and Fig. S6 ) by treatment with compounds LX-3, LX-4, and LX-5 are separate events or connected events. We chose several inhibitors of the MAPK pathway (FR180204 for ERKs, SB203580 for p38, and SP600125 for JNKs) (52-54) ( Fig. S5 ) and tested whether they could interfere with the activation of the methylated EGFP reporter gene 
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by treatments with compounds LX-3, LX-4, and LX-5. Only SB203580, a well-known p38 inhibitor (53) , reduced the percentage of EGFP ϩ cells that were activated by treatments with compounds LX-3, LX-4, and LX-5 (Fig. 6B) .
On the other hand, overexpression of constitutively active forms of two kinases upstream of p38 for 72 h, MKK3 (CA-MKK3, S189E/T193E) and MKK6 (CA-MKK6, S207E/T211E) (55) , in B2-17 cells resulted in robust activation of the methylated EGFP reporter gene, but the inactive forms of MKK3 (IA-MKK3, S189A/T193A) and MKK6 (IA-MKK6, K82A) (55) failed to do so (Fig. 7) . Taken together, these data show that compounds LX-3, LX-4, and LX-5 exert their function by activating the p38 MAPK pathway, which is capable of activating the methylated EGFP reporter gene.
Compounds LX-3, LX-4, and LX-5 derepress a subset of endogenous methylated genes
Treatment with compounds LX-3, LX-4, and LX-5 derepressed the methylated EGFP reporter gene by activating the p38 MAPK pathway ( Fig. 6 and Fig. S6 ). We then asked whether such an event occurred at endogenous methylated genes. Among the 617 genes activated by 5-aza-dC treatment, 148 
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(24%) overlapped with the 795 genes commonly activated by treatments with compounds LX-3, LX-4, and LX-5, which was 6-fold higher than expected from random overlap (Fig. 8A ). Among these, several known p38 MAPK target genes (IL11, TNFAIP3, and CXCL1) (41, 56) were included. The promoters or CpG islands of these genes were methylated in HEK293 cells (Fig. 8B) , and their expression was elevated by 5-aza-dC treatment ( Fig. 8C ) and treatments with compounds LX-3, LX-4, and LX-5 (Fig. 8D) . Moreover, expression of these three endogenous genes was also up-regulated in human MOLM13 and mouse NIH 3T3 cells treated with 5-aza-dC (Fig. S7, A and B) and compounds LX-3, LX-4, and LX-5 (Fig. S7, C and D) .
Discussion
Small-molecule screens are most commonly conducted using biochemical assays monitoring the catalytic activities of known enzymes or interaction features of known proteins. In this study, we took an alternative approach and used a cellbased assay to identify small molecules that were capable of activating a DNA methylation-repressed reporter gene. Because of the nature of this approach, two classes of small molecules were likely to be expected in the list of hits. One class of potential hits may directly impact DNA methylation machinery or factors downstream of DNA methylation that are essential for gene silencing, and another class of potential hits may display promoter-specific features and selectively activate a set of genes under the control of a similar pathway. In addition, hit compounds belonging to the latter class should function in a DNA methylation-insensitive manner.
Among the seven hit compounds that we identified, we suspect that five of them (compounds LX-1, LX-3, LX-4, LX-5, and LX-6) may play direct roles in gene activation, because treat- Only TFBSs whose corresponding transcription factor was activated by LX-3, LX-4, and LX-5 are shown. Enrichment p values (adjusted) were calculated by AME tools from the MEME suite (26) . E, interaction network of the enriched transcription factors in D with high confidence (Ͼ0.7) analyzed by STRING database. Genes are represented as nodes, and the biological relationship between two nodes is represented as an edge (line).
Compounds derepress DNA methylation-silenced genes via p38
ment with these compounds resulted in far more up-regulated genes than down-regulated genes (Fig. 4B ). All of these seven hit compounds have not been reported in any previous screen in the literature, which suggested that they may have new modes of action.
For compounds LX-1 and LX-6, we currently do not fully understand whether they belong to the first class or the second class. Nevertheless, we noticed that compound LX-1 treatment was clustered together with RG108 treatment in a transcriptome analysis (Fig. 4C ). This suggests that compound LX-1 may directly impact DNA methylation-mediated repression, although treatment with compound LX-1 did not cause global demethylation (Fig. 3A) . These results hint that compound LX-1 may target events downstream of DNA methylation. However, substantial future investigation is required to clarify this, especially because treatment with compound LX-1 or RG108 did not cluster together with treatment with 5-aza-dC in our transcriptome analysis (Fig. 4C) . Although RG108 and 5-aza-dC are both inhibitors of DNMTs, their modes of action are different, and they often display different effects on gene regulation (39, 57, 58) .
Compounds LX-3, LX-4, and LX-5 probably belong to the second group, because they selectively activate the MAPK pathway ( Figs. 5-8 ). These compounds came into our hit list probably because we used the CMV promoter to drive the EGFP reporter gene, and the CMV promoter is known to be a target of the MAPK pathway (59) . The CMV promoter contains binding sites for multiple transcription factors, including NF-B/RELA, CREB/ATF, AP1, ETS, ELK1, and SP-1 (Fig. S8 ). Some of these transcription factors, such as the CREB/ATF family of proteins, are known to be sensitive to DNA methylation (60, 61) . The CREB/ATF protein family is a group of transcription factors that are activated in response to second messenger cAMP and mitogen or stress signals transduced by MAPK and PI3K-ATK pathways (62) (63) (64) . A typical cAMP-responsive element (CRE) is an 8-bp palindromic sequence motif (TGACGTCA) (65-67), and the CMV promoter used in this study contained four of these CREs (Fig. S8) . Each CRE contains a CpG site, and intriguingly, CREB binding is sensitive to CpG methylation within CRE (60, 61) in vitro, yet MAPK activation effectively overcame DNA methylation-mediated repression in vivo in our system. A number of potential explanations exist. 1) There are multiple CREB family proteins, and perhaps not all of them are sensitive to CpG methylation during CRE recognition. 2) The CMV promoter contains binding sites for multiple transcription factors, and the association of methylation-insensitive transcription factors such as NF-B/RELA may facilitate transcriptional activation, which may lead to eventual demethylation of neighboring CpGs within CREs. Consistent with this possibility, we 
observed reduced CpG methylation at some of the CREs within the CMV promoter ( Fig. 3B, red arrows) .
In mammals, the p38 MAPKs could be activated by a number of extracellular stimuli, of which most commonly used include anisomycin, UV light, lipopolysaccharide, TNF␣, and some other cytokines and growth factors (40, 68, 69) . The reported p38-activating compounds mainly include anisomycin (47) , forskolin (70) , asiatic acid (71) , and U-46619 (72) . However, many MAPKKKs in the p38 module are shared by other MAPKs, especially the JNK module, and most of the treatments activate other MAPK isoforms in addition to p38 MAPKs (73) (Fig. S5 ). For example, anisomycin activates both p38 and JNK (47) ( Fig. 6A and Fig. S6 ), whereas asiatic acid and U-46619 activate both p38 and ERK (71, 72) . Thus, an agonist that selectively activates the p38 pathway is still lacking. MAPKs are involved in many cellular processes and can be activated by diverse upstream stimuli (45, 69, 74) , so a compound(s) with specificity would be very helpful for better understanding of the individual pathways. The p38 MAPK-specific inhibitors SB203580 and SB202190 are widely used in research. Compounds LX-3, LX-4, and LX-5 could selectively activate the p38 MAPK pathway in multiple cell types ( Fig. 6A and Fig. S6 ), which can serve as a useful tool to discriminate the p38 module from other MAPK modules; thus, they will hopefully have a role in future specific applications.
Finally, although we established a link between compounds LX-3, LX-4, and LX-5 and the p38 MAPK pathway, the exact targets of these compounds remain unknown. Clearly, future structure-activity relationship studies will help to optimize these compounds and potentially help to develop probes for target identification.
Experimental procedures
Cell culture and establishment of the reporter cell line HEK293-derived cells and NIH 3T3 cells were cultured in DMEM (HyClone) supplemented with 10% FBS (Gibco) under standard conditions. MOLM13 cells were cultured in RPMI medium 1640 (Gibco) supplemented with 10% FBS (Gibco) under standard conditions. Transfections were performed with Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Fig. S1A shows the procedures used to establish the reporter cell line. Briefly, the reporter vector pEGFP (or mCherry)-IRES-Puro-C1 was linearized by SphI (New England Biolabs) and then methylated in vitro by SssI methyltransferase (New England Biolabs). The methylated plasmids were co-transfected with pcDNA3.1-Hygro (ϩ) (Invitrogen) at a ratio of 9:1 into HEK293 F cells. After hygromycin B (Amresco) selection, clones that exhibited an EGFP signal upon 5-aza-dC treatment, but not DMSO treatment, were further subcloned for selection. The selected subclones were also validated by analyzing their responses to 5-aza-dC and TSA and by DNA methylation status in the CMV promoter before and after 5-aza-dC treatment. The B2-17 clone, which exhibited low background and responded to 5-aza-dC with high sensitivity, was chosen for chemical screening.
High-content chemical screening
The compound library consisted of five sublibraries purchased from Maybridge, Enamine, Specs, Chemdiv, and WXTD. 5-aza-dC and TSA titrations were used as positive controls, and the same volume of DMSO was included as the negative control in each 384-well plate.
Before plating cells, 384-well plates (ViewPlate, PerkinElmer Life Sciences) were coated with poly-D-lysine (Sigma). For each well, 1,300 B2-17 cells were plated by using a Matrix Wellmate microplate dispenser (Thermo Scientific). Then 0.25 l of compound was added to each well by using a versatile pipetting robot, the Biomek FX work station (Beckman Coulter), to give a final compound concentration of 5 M. After treatment for 72 h, the cell nuclei were stained by Hoechst 33342 (Sigma) before imaging.
The cells were imaged with Opera LX (PerkinElmer Life Sciences; three views per well by using a ϫ10 (air) objective lens). Images were analyzed with the Columbus system, and the mean percentage of EGFP ϩ cells (R GFP ) was obtained to extrapolate the number of EGFP-expressing cells and Hoechst-stained nuclei.
For the titration assay, the positive compounds were diluted in DMSO at concentrations ranging from 0.625 to 4 mM. Then 
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the B2-17 cells were treated by gradient compound and imaged as described before.
For each compound, a dose-response series was generated by using Origin Pro version 6.0 software. The dot plot was fit by a DoseResp curve, and then the EC 50 was calculated.
Viability assays
HEK293 F cells were plated in 384-well, flat-bottom, tissue culture dishes (Corning Inc.) and treated with compounds, incubated 3 days, and assayed for viability using the CellTiter-Glo luminescent cell viability assay (Promega) according to the manufacturer's protocol. The absorbance at 490 and 650 nm (reference) was measured with an EnSight plate reader (PerkinElmer Life Sciences). Data were normalized to the untreated control (100% viability). Each treatment was tested in two independent assays, each containing three replicates. The titration-viability curves of each compound were also generated by using Origin Pro version 6.0 software.
RNAi siRNAs were dissolved to 20 M with diethyl pyrocarbonate (DEPC)-treated water. siRNA transfection was performed with Lipofectamine RNAiMax (Thermo, 13778150), and the final concentration of siRNA used was 10 nM. The knockdown efficiency was examined by qPCR, and the siRNA with the highest efficiency was selected to be used in this study.
UHPLC-MS/MS analysis
For sample preparation, 10 g of genomic DNA was extracted using a genomic DNA purification kit (Promega). This DNA was incubated with a mixture of 1.0 unit of DNase I, 2.0 units of calf intestinal phosphatase, and 0.005 units of snake venom phosphodiesterase I at 37°C for 24 h. The digest was filtered with ultrafiltration tubes and subjected to UHPLC-MS/MS analysis for detection of 5mC and 5hmC. 
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A UHPLC-MS/MS method has been developed for the detection of 5mC and 5hmC, as described previously for the measurement of 5mC and its oxidation products (75, 76) . The Agilent 1290 Rapid Resolution LC system and a reversephase Zorbax SB-C18 2.1 ϫ 100-mm column (1.8-m particles) were applied in the UHPLC analysis. The digested DNA (5.0 -10.0 l) was injected onto the column, and nucleoside separation was accomplished by using a mobile phase of 95% water (containing 0.1% formic acid) and 5.0% methanol at a flow rate of 0.3 ml/min with isocratic elution. The stable isotope 5Ј-(methyl-d3) 2Ј-deoxycytidine was used as an internal standard for calibrating the quantitation of 5mC.
Bisulfite sequencing
Two micrograms of purified genomic DNA was bisulfiteconverted using an EpiTect bisulfite kit (Qiagen) according to the manufacturer's instructions. DNA fragments of interest were PCR-amplified using Epi Taq (Takara), and purified PCR products were cloned into pMD18-T vectors (Takara). Positive clones were sequenced, and the results were analyzed using the BiQ analyzer (77) . Primers for bisulfite sequencing were as follows: CMV-BS-F1, GGGTTATTAGTTTATAGTTTATATA-TGGA; CMV-BS-R1, ACCAAAATAAACACCACCCC.
RNA-seq and RT-qPCR
Total cell RNA was isolated using an RNeasy minikit (Qiagen), and cDNA was synthesized using a PrimeScript firststrand cDNA synthesis kit (Takara) with oligo(dT). Real-time qPCR was performed using 2ϫ KAPA SYBR FAST qPCR Master Mix (Kapa Biosystems), and the results were normalized to the expression level of GAPDH. Primers for real-time PCR are listed in Table 1 .
For high-throughput sequencing, total RNAs from two biological replicates were sent to BGI (Shenzhen, China) for RNAseq library preparation and sequencing.
MeDIP-seq
MeDIP-seq was performed as described previously (78) . Mouse monoclonal anti-5-methylcytidine antibody (BI-MECY-000) for MeDIP was purchased from Eurogentec.
Histone extraction and Western blotting
Histone proteins were extracted as described previously (79) . Briefly, histones were acid-extracted from nuclei with 0.2 M H 2 SO 4 for 2 h and precipitated with 33% TCA overnight. Samples were resuspended in 20 -30 l of double-distilled H 2 O, and the protein concentration was calculated using the Bradford assay. Histones were separated by 15% SDS-PAGE and probed with anti-histone H4 acetylation (rabbit polyclonal, pan-acetyl, Millipore) and anti-histone H3 (rabbit polyclonal, 17168-1-AP, Proteintech) antibodies.
MAPK activation assays
HEK293 cells, MOLM13 cells, and NIH 3T3 cells were serum-starved for 8 h and then stimulated with EGF (100 ng/ml), anisomycin (30 M) or compound LX-3 (5 M), LX-4 (5 M), or LX-5 (10 M) for the indicated times. The activation of p44/42, JNK, and p38 was determined by Western blotting with antibodies specific for phosphorylated, activated forms of these kinases. We examined whether this activation occurred under our experimental conditions. Total lysates of cells were stimulated for different times, analyzed by SDS-PAGE, and immunoblotted with antibodies against activated p44/42, p38, and JNK. Total p44/42, p38, and JNK were monitored as loading controls.
Compounds and cytokines
5-aza-dC, TSA, sodium butyrate (NaB), RG108, and procaine were purchased from Sigma. The inhibitors SB203582, SP600125, trametinib, and FR180204 and the activator anisomycin were purchased from Selleck. The human EGF cytokine was purchased from Peprotech.
Antibodies
Mouse monoclonal anti-5-methylcytidine antibody (BI-MECY-000) for MeDIP was purchased from Eurogentec. Rabbit polyclonal anti-histone H4 acetylation antibody (panacetyl) was purchased from Millipore. Rabbit polyclonal anti-histone H3 antibody (17168-1-AP) was purchased from Proteintech. Mouse monoclonal anti-ERK antibody (sc-514302), anti-Phos-ERK (sc-7383), anti-JNK (sc-7345), anti-Phos-JNK (sc-6254), and anti-p38 antibodies (sc-7972) were purchased from Santa Cruz Biotechnology. Rabbit monoclonal anti-Phos- 
Compounds derepress DNA methylation-silenced genes via p38
p38 antibody (4511T) was purchased from Cell Signaling Technology.
Bioinformatics
For mRNA-seq, 50-bp single-end reads were generated by BGISEQ-500 platforms (BGI). Sequencing qualities were evaluated using FastQC software. Sequences were aligned with human genome hg19 using TopHat, and RPKM values were quantified using Cufflinks version 2.0.2. Up-regulated and down-regulated genes were defined by ͉log2(treat/ctrl)͉ Ͼ ϭ 1, and both RPKM values were added to a pseudo-value of 0.5 to avoid being divided by zero.
GSEA analysis was performed using GSEA (80, 81) against three MAPK-related gene sets. For GO analysis, the identified hits were subjected to functional annotation clustering using the DAVID Bioinformatics Resources version 6.7 with default settings (82, 83) . The tested categories are Biological Processes and KEGG. Enrichment results were grouped and visualized by the EnrichmentMap module in Cytoscape 3 (84) . TFBS enrichment analysis was calculated by AME tools from the MEME suite (26) with default settings.
MeDIP-seq reads were generated by Illumina HiSeq-2000 platforms (single end, 50 bp). Sequencing qualities were evaluated using FASTQC software, and the reads were then aligned to hg19 genome sequences (Ͻ2 bp mismatches allowed). Only uniquely mapped reads were kept. Mapped reads were extended to the average fragment sizes. Genome profile files were generated with IGV tools and linearly normalized to the same depth of 10 million reads. TSS annotation data were obtained from the "refGene" table of UCSC hg19 databases. Read densities of MeDIP-seq for specific gene sets were averaged based on "bigwig" signals generated from reads mapping files.
Data availability
All high-throughput sequencing data have been deposited under GEO accession number GSE106573.
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